© Versita Sp. z o.o. Microcomposites consisting of TiO 2 (or Ce-doped TiO 2 ) and ThO 2 (0.5-2% of the TiO 2 mass) are produced by sol-gel synthesis of TiO 2 in presence of ThO 2 . X-ray diffraction study reveals the effects of ThO 2 (compared to the ThO 2 -free TiO 2 , obtained by the same method) on the anatase interplanar distances, crystallites size and phase composition. The photocatalytic tests in presence of the composites under UV irradiation reveal an increase of the Malachite Green degradation rate constant. The effect depends on the Th relative content, temperature of annealing of the catalyst and addition of other doping agent. The highest photocatalytic activity is observed for TiO 2 obtained at 550 о C and containing 1% ThO 2 . The composite exhibits activity in dark, also. The presence of Ce 4+ ions is not an obligatory requirement for the realization of the ThO 2 effect. The reported results suggest that the radioactivity of the Th and/or its decay products is one of the main factors responsible for the increased photocatalytic activity of TiO 2 .
Introduction
Photocatalytic oxidation is a promising technique for removal of pollutants at low concentrations from water and air. The complete mineralization of the pollutants and the potential possibility to use sun light as an energy source makes the method rather effective. Among the numerous semiconductors applied as photocatalysts, TiO 2 proves itself as the most active. Its main advantages are the chemical and thermal stability, low toxicity, acceptable price and good photocatalytic performance at ambient temperature. The main disadvantage is that its activation happens predominantly under UV irradiation, thus utilizing a rather small part of the sun light. That is why the main part of the investigations carried out in this field aim its modification in view of increasing its activity under visible light by the effective decrease of the band gap and/or by the delay of the recombination of the generated electron-hole pairs which are the source for main oxidation agents production.
While there are number of investigations on the radiolysis as a purification method, those on the ionizing radiation assisted photocatalysis are relatively limited. Photocatalysts with natural radioactive components as powders [1] , fabrics impregnated with TiO 2 (40%), samarskit /(Y,Ce,U,Fe) 3 (Nb,Ta,Ti) 5 O 16 /, apatite and melamine resin with deodorant properties [2], coatings, etc.[3] are reported. Devi et al. [4, 5] modified sol-gel produced ТiО 2 (anatase) milling it in mortar with Th(NO 3 ) 4 (0.02 -0.1%), drying and heated at 550 o С for 4.5 h. Doping decreases the photocatalytic activity under UV irradiation (Hg lamp, 125 W) but leads to its increase when illuminated with sun light. This was attributed to the smaller crystallite size, high specific surface area, better adsorption of water/ hydroxyl groups and the large red shift in the absorption band due to the creation of mid band gap states by the Th 4+ dopant. The catalyst with 0.06% Th 4+ exhibits highest activity under both types of illumination.
While the above paper is concentrated mainly on the role of the defect levels created by Th 4+ ions in the TiO 2 lattice (which can capture and release the photogenerated electrons or holes), Yu et al. [6] pay attention on the activating function of the Th radiation in synergism with cerium. The catalyst is produced by low-temperature hydrolysis of TiCl 4 in solution of citric acid in 0.01 М НСl adding powdered natural mineral monazite (rare earth/thorium phosphate) and after stirring for 5 h the obtained product is dried and heated at 450 o С. The final material contains (g kg -1 ): La (32), Cе (55), Nd (33), P (34), Ti (41), Th (7.1) and is effective against phenol and methylene blue degradation even in dark. Highest activity is observed under gamma irradiation ( 60 Со, 0.52 Gy h -1 ). The interpretation of the effects is based on the role of cerium acting as mediator in the processes taking place. A similar catalyst containing 20-10 weight parts of monazite to 100 parts of ТiО 2 is proposed in [7] .
The aim of this work is to reveal the effect of Th radiation as a possible factor for changes in TiO 2 photocatalytic activity. The composite TiO 2 -ThO 2 was produced by a method ensuring relatively uniform distribution of the two oxides with limited possibility Th 4+ to enter the TiO 2 lattice. Th content was around its content in monazite. Accounting for the significant role ascribed to cerium in the mechanism of the photocatalytic action of the composite TiO 2 -monazite [6] , some experiments with TiO 2 -CeO 2 -ThO 2 (but with lower concentration of cerium than in the latter work) were also performed.
Experimental procedure

Catalysts synthesis
For preparation of a mixture TiO 2 -ThO 2 , commercially available TiO 2 Degussa P25 and 1% of its mass ThO 2 were grinded (in mortar) in ethanol suspension.
The composite TiO 2 -ThO 2 was produced according to the following procedure: ThO 2 in the desired amount was suspended in 50 mL of absolute ethanol and 0.025 mol of Ti[OCH(CH 3 ) 2 ] 4 (99%, Aldrich) was added. After stirring diluted HNO 3 (volume ratio H 2 O : 65% HNO 3 : absolute C 2 H 5 OH = 24 : 0.05 : 80 ) was added slowly to pH 3 and stirred again for 30 min. The same procedure was applied also for Ce-doped TiO 2 -ThO 2 composite preparation but Ce(NO 3 ) 3 •6H 2 O, puriss. p. a. delivered by Fluka (1% Ce from the expected mass of the TiO 2 ) was added along with the ThO 2 .
Finally, all products (including TiO 2 -ThO 2 mixture) were dried at 120 о C and calcinated for 3 h at 550 о С or 700 о C.
Catalysts characterization
Gamma spectra of the final products were taken by 4096-chanel gamma spectrometer Canberra 35 (HPGe detector, effectiveness 15%). The samples activity was compared by the areas of 338.7 keV γ-peak of 228 Ac. X-ray diffractograms of the specimens were recorded by Siemens D500 powder diffractometer at CuK α irradiation (40 kV, 30 mA, 2θ step 0.02 o /2s) equipped with secondary monochromator to exclude K β light. Quantitative analysis of the diffractograms was performed by the Rietveld method using the program BRASS [8] . Thus, the lattice parameters, the average crystallite size and the phase composition ratio of the obtained materials were calculated.
Photocatalytic tests
The photocatalytic tests were performed in slurry (1 g catalyst L -1 ), using Malachite Green oxalate (10 -5 M aqueous solution) as a model pollutant. After 30 min "dark" period (for establishing of equilibrium of the sorption process), the system was UV-illuminated by a lamp Sylvania, 18 W BLB T8 (emission in the 345-400 nm region with a maximum at 365 nm), situated at 9.5 cm distance above the slurry under continuous magnetically stirring (400 min -1 ) and bubbling with air (45 dm 3 h -1 ). The initial pH of the solutions were 5.8 -5.9 and the final 6.2 -6.7. Periodically 5 cm 3 aliquot was taken from the solution and filtered through 0.22 μm SWINNEX-25 filter. The dye concentration was determined spectrophotometrically by the band at 620 nm. The data obtained were plotted in coordinates (C/C 0 )/t and ln(C/C 0 )/t (where C 0 -concentration after the "dark" period, C -concentration after t min irradiation) and apparent rate constants of the degradation process were determined accepting first order kinetics. The sorption ability was calculated as a ratio (C 00 -C 0 )/ C 00 , where C 00 -starting solution concentration (before the "dark" period).
Results and discussion
Safety and some practical considerations
The radioactivity of 228 Ac in the prepared sample with 1% ThO 2 is 33.9 Bq g -1 and the total activity of 232 Th (including its daughter products) is 313.4 Bq g -1 . The Th content in the natural monazite is 1-10% [9], i.e., the content of radioactive component in the catalysts studied in the present work is at a lowest level of a natural product, already proposed as a component of a photocatalyst [6] . The dose rate at 20 cm from the catalyst surface is ~7.5.10 -4 µSv h.g -1 while the natural gamma-background is up to 0.4 µSv h -1 and the permitted dose for the population is 0.1 μSv h -1 . Despite that, according to the Bulgarian nuclear regulation law (in principle harmonized with the commonly accepted recommendations) the waste catalyst is a radioactive waste of 2a category.
The primary aim of the present work is to contribute to elucidation of the effect of ionizing radiation on the photocatalytic performance of TiO 2 . The practical application of the synthesized catalysts is not an object of consideration in this work but it cannot be excluded a priori. Uranium-based (see for example [10] ) and U- [2] or Th-[6] containing catalysts have been used in industrial practice (including photocatalysis) and the procedures for their safe handling are well established [11] . Of course the application of such type of catalysts for treating open-air waters is not to be recommended but it could be affordable for treatment in closed tanks of waste waters from some industrial enterprises (textile, pesticide and pharmaceuticals industry, destroying of disused pesticides and ammunitions, etc.), i.e., as a part of industrial activities at which special precautions are certainly taken. The extra-safety measures may in some case be acceptable accounting for the possibility to apply these catalysts without UV illumination. It is understandable that synthesis procedures associated with dealing with ThO 2 , has to be performed according to the well known regulations for the work with radioactive materials.
The high efficiency of the application of TiO 2 as slurry with the purified solution is accompanied with several practical problems arising from the use of a catalyst in powder form: difficult separation of the catalyst from the suspension, aggregation of its particles at higher concentration of the suspension, and the difficulty of applying the method for continuous flow systems. The most common decision of these problems is immobilization of the catalyst on suitable support as often applied. Despite its limitations, the spray-pyrolysis technique might be recommended in the studied case as it has some advantages as a coating method: it is cost-effective and allows deposition of uniform films with easily controlled thickness and good adhesion on substrates with different sizes and shapes. The method is very convenient for deposition of films from ready-to use powders. Combined with sol-gel, citric and other similar techniques it allows preparation of films from doped TiO 2 [12, 13] . Based on the systematic comparison of prospects and limitations of liquid phase deposition and sol-gel processing, magnetron sputtering, spraypyrolysis and other studies, the conclusion was drawn [14] that the spray-pyrolysis technique provides the best perspective for the preparation of TiO 2 photocatalysts to be used for remediation of organically contaminated waters. The process can be realized in a closed system avoiding any uncontrolled contamination of the working place (including with radioactive substances).
(3) (4) Figure 1 . X-ray diffractograms of samples produced at 550 о C: TiO 2 (1), TiO 2 containing 1% (2) and 2% (3) ThO 2 and at 700 о C containing 1% ThO 2 (4). Fig. 1 represents the X-ray diffractogram of some of the studied composites. Data for the lattice parameters, crystallites size and phase composition of the samples are shown in 6t 1.
Crystal structure
Crystal cell parameters
Considering the great difference in the ionic radii of Ti 4+ (74.5 pm) and Th 4+ (119 pm) as well as the applied method of synthesis, it seems that the introduction of Th 4+ in the TiO 2 cell is slightly probable. Also, relatively large size of particles of the studied samples (Table 1) will not favor the penetration of the dopant. Indeed, the presence of characteristic peaks for ThO 2 confirms the composite-like nature of the sol-gel prepared materials. Despite that, the increase in the interplanar distances of anatase with 0.02-0.7% for the Th 4+ -containing products prepared at 550 о C or decrease with 0.1-0.25% for both anatase and rutile in the catalyst calcinated at 700 o C are observed. The lattice parameter a slightly decreases and c increases for all Th-containing samples (Table 1) . These facts suggest that small amount of the added ThO 2 gets into the TiO 2 structure. The incorporation of Th dopant into TiO 2 lattice (up to 0.1%) is proven in [4, 5] , also. Formation of defects comprising a Th atom and an oxygen vacancy in close proximity seems more probable as a reason for the changes of lattice parameters than incorporation of Ti 4+ as substitutional impurity [5] . TiO 2 is a well-known material with a tendency to anisotropic growth. This can explain the elongation of the c-axis reported in [4] and found in the present work.
Crystallites size
Significant growth of the crystallites size from (in average) 9 nm for anatase in ThO 2 -free TiO 2 to 17-18 nm in the composites TiO 2 -ThO 2 annealed at 550 о C is observed (Table 1) . However, as it is seen from the same table, the ThO 2 slightly hinders the growth of crystallites for both phases when materials are prepared at 700 o C. The average crystallites size of TiO 2 in the mixture Degussa P25 TiO 2 -ThO 2 is significantly less than the typical for the commercial product. For the time being we do not have a satisfactory grounded explanation of the different pattern of the samples. A non-monotonous influence of the Th 4+ content on the crystallites size is reported in [4] . Thorium doping content lower than 0.06% causes a decrease of this parameter, on the contrary, an increase in the size is reported for samples with higher content of Th (0.1%), all annealed at 600 o C [4] . As can be expected the ThO 2 crystallites are almost equal in size in all samples (Table 2) .
Phase composition
The content of anatase in the sol-gel prepared TiO 2 calcinated at 550 o C is 91 % accompanied with 9% of brookite. The later is not detected in the TiO 2 -ThO 2 -composites obtained at the same temperature of annealing (Fig. 1, Table 1 ). The content of anatase in TiO 2 -1% ThO 2 increases to 96% (with 3% of rutile). No rutile is registered in TiO 2 doped with 2% of ThO 2 . It is known that the presence of 4f-ions stabilizes anatase modification, (see for example [15] ). Small amount of Th 4+ (up to 0.1%) shows the same effect as it is seen from the results in [4] . Our results are in agreement with these data. Higher amount of ThO 2 in the composite studied in this work, is probably meaningless from the point of view of its influence on the TiO 2 crystal structure. The above mentioned factors (significant differences in ionic radii of Ti 4+ and Th 4+ as well as the conditions of our experiments) do not allow significant amount of the dopant to penetrate the TiO 2 crystal cell. Probably the Th 4+ content in our samples is of the same order of magnitude as in [4, 5] . Also, the explanation of the effect, given in [5] (the low Th-content does not create sufficient concentration of oxygen vacancies which enhance the rutile nucleation), seems applicable in the studied system. At higher temperature (700 o C) this effect is negligible and no difference between the pure oxide and the composite is observed (Table 1) . Traces of Th 2 Ti 4 O 12 are registered from the diffractometer in the TiO 2 +1% ThO 2 sample annealed at this temperature. Fig. 2 ) summarizes the data concerning: (i) sorption ability, (ii) rate constant of photocatalytic degradation and (iii) correlation coefficients for the experimental data linear approximation of ln(C/C 0 )/t correlation for the studied catalysts. The data show that photocatalytic activity in the studied systems is determined by few interrelated factors: content of ThO 2 and of CeO 2 and temperature of annealing of the catalyst.
Sorption ability and photocatalytic activity
Mixture TiO 2 -ThO 2
Addition of 1% ThO 2 to the commercially available TiO 2 Degussa P25 leads to an increase of the pollutant`s degradation rate constant with ~12% (Table 2) . Our previous investigations show that the standard deviation is ~6% of constant value; i.e., ThO 2 has not a significant effect applied as a mixture with TiO 2 in the mentioned concentrations.
Microcomposite "sol-gel prepared TiO 2 -ThO 2 "
A considerable enhancement of the catalyst activity as a result of ThO 2 addition to the TiO 2 sol-gel synthesized at 550 о C is observed (Table 2 , Figs. 2, 3 ). In the studied concentration interval the rate constant approaches a clearly expressed maximum at 1% ThO 2 ; then the rate constant is 2.8 times higher compared to the undoped catalyst (compare experiments 3, 5, Table 2 ). Considering the difference between the mechanical mixture Degussa P25 TiO 2 -ThO 2 and solgel prepared microcomposite TiO 2 -ThO 2 it has to be accounted for the activity of the different types of TiO 2 used as matrix component. The sol-gel prepared pure TiO 2 has a significantly lower activity than the commercial product (exp. 1, 3, Table 2 ). This effect is observed in other photocatalytic systems (TiO 2 -estrogens) and will be discussed in details elsewhere. The discussed difference in the catalytic performance of the simple mixture and the composite urges to be concluded, that the close contact between the TiO 2 matrix and the dopant is a necessary condition for the realization of the ThO 2 effect. Indeed, the synthesis procedure applied leads to intimate mixing of the two components and slightly processing of solid state reaction between the components. The formation of core-shell type particles is also possible; however the rather small FWHM of the reflexes in the X-ray diffractograms (Fig. 1) is not in favour of such a supposition.
When the catalyst is heated at 700 о C the ThO 2 effect is much smaller -the rate constant rise is only 20%. Also, it is seen that heating at this temperature decreases the activity of the undoped sample. The latter effect can be explained with the above shown significant growth at this temperature of the rutile relative content (which is less effective as photocatalyst) and its aggregation [13] . Sorption of the pollutant on the studied catalysts varies in a relatively wide interval (Table 2) without any clearly expressed dependence on the Th content and without significant influence on the photocatalytic activity. It has to be concluded that this principally very important stage, is not limiting in the entire decontamination process within the studied system.
The catalytic activity of the material, tested in dark (Table 2) is considerable and comparable to the one reached by the ThO 2 -free catalyst under UV irradiation. Practically, its catalytic action in absence of illumination is not influenced by the temperature of annealing in the course of catalyst`s synthesis.
Experiments with pure ThO 2 (amount equal to the one contained in the composite) show no measurable effect of the pollutant degradation under UV-irradiation (over the rather slight effect of the photolysis) or in dark, i.e., the results obtained with the studied composite have to be ascribed to a sinergystic effect of the TiO 2 -ThO 2 .
The UV/Vis diffused reflectance spectrum of pure The results obtained in the present work have to be compared with the data reported by Devi and Murthy [4, 5] who elucidated the effect of Th 4+ as a dopant entering the TiO 2 lattice.
(i) Our results do not correspond with the latter works observation of the decrease in the catalytic activity under UV irradiation as a result of Th-doping in the whole region of the applied thorium concentrations (0.02-0.1%). However, our data cannot be considered as contradictory to the latter works because of great differences in the Th concentrations used in the two studies and, respectively, possible differences in the mechanism of the ThO 2 influence. Even more, the results in [4] obtained at solar irradiation also show an increased activity of the doped products, similarly to the findings in the present paper.
(ii) The results obtained in the present work confirms (in rather different concentration interval) the nonmonotonous influence of Th concentration on the TiO 2 photocatalytic activity reported in [4] . Considering the mechanism of the influence of Th on the TiO 2 photocatalytic performance one has to account for the combined action of two types of factors:
The implantation method and the dopant concentrations used in [4] presume that the Th 4+ will act as "chemical" agent influencing mainly crystal and band structure of the ThO 2 . As it was mentioned above the incorporation of Th results in: (i) Creation of mid band gap states in TiO 2 from which an electron can be easily promoted to the conduction band leading to red shift of its absorption spectrum. (ii) Formation of doubly ionized oxygen vacancy creating a donor level below the conduction band; the transition from this dopant level is most probable leading to the higher photocatalytic efficiency. (iii) The possible formation of Ti 3+ may also contribute to the activity of the TiO 2 -ThO 2 catalyst through defect states of the type Th 3+ -V O .. and Ti 3+ -V O . The greater amount of Th in the system studied in the present work creates grounds to suppose influence of the ionizing radiation emitted by Th and its daughter products along with the above mentioned effects. Few facts support this assumption: (i) Substantial difference in the effect of thorium in low [4, 5] and high (present work) concentrations. (ii) The catalytic activity of the composites observed in dark strongly supports the crucial contribution of this factor. (iii) Results of Yu et al. [6] who supposed that high-energy radiation of 226 Ra ( 238 U daughter) and 228 Ac is the main factor for the enhancing of the photocatalytic process evoked by the TiO 2 /monazite catalyst. (iv) The data illustrated on Fig. 4 ssuggest the existence of relation between the activity of the catalyst and its specific radioactivity. The absolute values of the constants cannot be compared [5]). The similar pattern of the correlation, despite the differences between the studied systems, suggests the radioactivity (as a common feature of all systems) as one of the main factors determining the catalyst behavior.
The main peculiarity of the revealed relations is the non-monotonous dependence of the degradation process rate constant on the specific radioactivity. It has to be mentioned that a similar relation is observed in the behaviour of ThF 4 -doped TiO 2 (the results will be reported elsewhere). Further investigations have to be done for full understanding of the effect. Few factors can be responsible for this pattern:
-Non-monotonous changes in (i) the specific surface area of the catalyst with the increase of Th-content resulting in relevant changes in capacity of the catalyst to adsorb pollutant and in concentration of adsorbed water and hydroxyl groups (crucial for photocatalytic reactions), (ii) values of the band gap, caused by the substitutional Th doping. The impact of these factors is revealed by Gomathi Devi and Narasimha Murthy [4, 5] for the 0-0.1% region of Th-concentration.
-Dual action of the created mid band gap states in TiO 2 which enhance the separation of electrons and holes but in the same time these deep traps may serve as sites for electron-hole recombination. Thus they can play opposite roles on the catalytic activity [4, 5, 19] .
-The presence of large amount of Th (0-2%) in the system studied in the present work introduces some particular features related to the emission of ionizing radiation.
232 Th is an α-emitter (half-life 1.4.10 10 y, energy of α-particles 4.7 MeV, recoil energy 70 keV) giving rise through consecution of β-and α-decays to a number of much shorter living radionuclides, β-and α-emitters. The decay processes are accompanied by emission of electrons and positively charged He 2+ nuclei. The changes in oxidation states of the daughter radionuclides can also be a source of electrons. In principle all these particles could take part (directly or, mainly, through crystal defects) in reduction and oxidizing processes with O 2 and OH -, leading to O 2 -and OH production, respectively, and enhancing the pollutant degradation. In the same time they can act as traps for photogenerated electrons and holes, thus inhibiting photocatalytic process. Such a combination of two types of processes with opposite action could explain the presence of extremum in the "pollutant degradation -radioactivity" relation. However, the calculations show that the effect of the so produced electrons/particles is negligible comparing with the amount of the pollutant in the system.
The main effect of the radioactivity of Th and its daughter products will be due to ionization of the environment by emitted electrons and α-particles. The main effect of their interaction with the TiO 2 semiconductor will be production of electron-hole pairs. They can enhance the separation of the photogenerated such pairs, thus increasing TiO 2 photocatalytic action but may also serve as deep traps for the charge carriers inhibiting the catalyst performance. It can be assumed that these two concurrent processes may leave to a maximum in the relation "degradation rate constantspecific radioactivity". With increasing Th-content the negative effect could stay dominating leading to the decrease of the TiO 2 photocatalytic activity (Fig. 4) . Also, the described processes will take place at low Thcontent, but due to the rather low concentration applied in [4], they can be neglected discussing the results obtained under UV irradiation (Fig. 4.2,3) . However, at solar irradiation the number of photogenerated electronhole pairs will be much less and the described way of photocatalytic activity "quenching" will be effective even at low Th-content in the catalyst. Probably, this is one of the reasons (along with the factors mentioned in [5] ) explaining the similarity of the pattern of the curves 1 (present work) and 5 (data from [5]) on Fig. 4 .
-Microcomposite "sol-gel prepared Ce-doped TiO 2 -ThO 2 ".Experimental data ( Table 2 , Fig. 2) show that the modification of TiO 2 with 1% cerium has a negative effect on the photocatalytic activity at UV illumination. Doping of the TiO 2 with different elements is a common method for its photocatalytic activity increase and shift to longer wavelength irradiation. Recently, doping lanthanoide (Ln) into TiO 2 attracted many attentions and a short review of the relevant literature is done in [20] . In general, the lanthanoids as doping agent affect positively on some parameters of the catalyst system increasing their photocatalytic activity. However, at least some of these parameters have to be maintained within relatively narrow limits as in order to take advantages of the TiO 2 modification:
-It is believed that the Ce4f level plays an important role in the interfacial charge transfer and inhibition of the electron-hole recombination with simultaneous production of oxidizable species due to the reactions (Fig. 3.1,3) . However, the second process is forbidden (at least at visible light irradiation) due to incompatibility of the redox potentials. Consequently, its catalytic efficiency gradually declined because of the suppression of further recovery electron transfer [23] .
-The presence of lanthanoids preserves the anatase phase (possessing a better performance in the photocatalysis) after the high-temperature calcinations. Thus samples heated at higher temperature can be used taking advantage of the good crystallinity and avoiding or decreasing the content of carbon impurities left when sol-gel method is applied for catalyst production. However, it is known that highest photocatalytic reaction rate values were generally obtained with powders consisting of more than one crystalline phase [24] . The presence of small amount (~20% [12] ) of rutile enhances the activity of the anatase. The brookite plays the same role. The photocatalytic activity of anatase-brookite composite sample is as much as 5.4 times greater than that of the single-phase anatase sample although they have comparable crystallite size and BET-surface [25] . Mesoporous titania with a bicrystalline (anatase and brookite) framework synthetized by sonochemical method exhibits much better activity than the commercial photocatalyst P25 [26] .
Ce-doped samples prepared in the present study at 550 o C contain anatase only thus decreasing the activity of the catalyst.
-Lanthanoide doping has efficiently inhibited the agglomeration and sintering of TiO 2 at high temperatures thus increasing the specific surface area (the enlargement could be up to 7 times for the heavily doped titania obtained at 700 o C) which facilitates the photocatalysis due to the increase of the reaction sites. The negative effect of the Ce-doping on the photocatalytic activity of the TiO 2 against the specific pollutant studied in this paper is in support of the conclusion made in [27] that the differences in the surface area of catalysts can not be a controlling factor in influencing the photocatalytic activity.
-Due to the great difference in ionic radii (74.5 pm for Ti 4+ , 103.4 pm for Ce 3+ and 94 pm for Ce 4+ ) the penetration of Ce-ions in the TiO 2 cell is slightly probable. It is believed that most of the Ce n+ rest on the surface of the crystallites. The well known ability of lanthanoides to form complexes with various Lewis bases may lead to concentration of some organic pollutant on the semiconductor`s surface thus enhancing the following photocatalytic degradation. Rather strong absorption (experiments 3, 8, Table 2 ), however, may block and inactivate the reaction surface and inhibit desorption of the reaction products thus decreasing the catalyst activity.
On the other side, the easy hydrolysis of Ce n+ leads to a significant amount of OH -on the catalyst surface. They enhance the sorption of the dye and this enhances the formation of the oxidizing OH•. If the amount of the dopant is too large this effect will lock the surface, inhibiting the photocatalytic [28] . According to the later authors` optimal concentration of Ce is 0.1%, i.e., the Ce-amount in our samples (1%) is too big and the described negative effect is revealed. In the present study the choice of such relatively high dopant concentration was influenced by its rather high content in the system studied in [6] .
-Entering the Ln 2 O 2 cell, Ti 4+ will thus create a charge imbalance due to the difference in the charge of the respective cations which can be satiated by adsorption of more hydroxide ions onto the catalyst surface. These ions can accept holes generated by the irradiation to form hydroxyl radicals [29] , which are one of the main oxidizing agents in the photocatalytic process. However, XPS measurements [30] show that at 550°C Ce(III) was easily oxidized to Ce(IV), so such an effect is hardly to be realized in the studied system.
-The Ln-doping leads to smaller crystallites size, hence stabilizes the nanosized titania and reduces the transition time of electron to the surface of the catalyst where it can be trapped by the adsorbed O 2 producing the oxidizer O 2 -• . A stochastic model postulates an increase of quantum yield, if particle size increases from 3 to 21 nm [31] and optimum of 20 nm is recommended [32] . As it is seen from Table 1 sol-gel prepared sample possesses much smaller crystallites which can be one of the reasons for lower activity of this product compared with that of the commercial product. Further decrease of the size, resulted in the doping, will cause decrease of the catalytic activity.
The above considerations explain the fact that the doping with Ce is often not as effective as with other lanthanoids [23, 32] or leads to negative effect on the TiO 2 photocatalytic activity [33] as in the present study.
Despite this effect, the addition of 1% ThO 2 almost doubles the rate constant of the so doped catalyst. The value reached remains lower than the reported for TiO 2 /monazyte catalyst described in [6] (0.022 min -1 ). The comparison, however, is not justified because of great differences in the catalysts composition and photocatalytic test conditions, including: (i) Much higher power of the UV source used in [6] Tl with radioactivity approximately equal to 1/3 of that of Th generated nuclides) which increase the effects of the radiation. The last two peculiarities could be responsible for the difference in performance of the catalysts, especially in dark. (iv). Larger total surface of the catalyst applied in [6] due to its higher concentration in the suspension at practically equal specific surface area of materials used in [6] and in the present study. (v) Higher pH value, applied in [6] (7 against 5.8-6.2 in the present work), enhancing the adsorption and, respectively, the degradation of the dye cation on the catalyst surface. The increase of pH in the system studied by us could discredit the results of the test due to possible transformation of the dye in colourless leucoform. (vi) Difference in the pollutant chemical nature.
Explaining the results obtained with TiO 2 /monazite catalyst, Yu et al. [6] accept a very important role of cerium as mediator. Ce-ions can be excited by 5-6 eV photons leading to the intensive radioluminescence (2.8-4.5 eV, due to 5d → 4f transition) which, in its turn, excites TiO 2 . Also, the results reported in the present work show that the effect of thorium can be realized (maybe with lower effectiveness) in absence of cerium.
Conclusion
The results reported show that the TiO 2 produced by sol-gel method in presence of ThO 2 possesses larger crystallites and increased photocatalytic activity under UV irradiation compared to ThO 2 -free TiO 2 prepared by the same method. The activity depends on the temperature of annealing of the catalyst and on Th content. Malachite Green degradation constant at irradiation with 18 W UV lamp reaches (within the limits of the studied ThO 2 concentration interval) the highest value of 0.015 min -1 at 1% ThO 2 concentration. Also, small concentration of cerium (1%) as dopant diminishes TiO 2 activity but addition of 1 % ThO 2 has a significant positive effect on Ce-doped catalyst activity. The composite has activity in dark which strongly suggests the activation effect of the Th and/or its decay product ionizing radiation.
